with mineral acid, often at a higher temperature. Although it is not likely that these chemical and biological methods will determine quite identical forms of potassium, the results are usually of the same order and fairly closely correlated (Reitemeier et al. 1948, Rouse and Bertramson 1949) .
Extraction with acid was used also in the present study to get an estimate of the useful potassium reserves in Finnish mineral soils. The soil samples were also analysed for their content of readily exchangeable potassium and for their capacity to fix added potassium under »wet» conditions. A part of the latter results has been published in a previous paper (Kaila 1965) . Attention was also paid to the retention of applied potassium during incubation in the laboratory.
Material and methods
The material consisted of 330 samples, collected from various parts of the country. 161 samples were from the surface layer down to 15-20 cm, and 169 samples represented deeper layers, mostly between the depths of 20 cm and 70 cm. The samples were mainly from cultivated soils: only 26 samples of the surface layers and 54 samples of the deeper layers were from virgin lands.
The samples were air-dried and ground to pass the 2 mm sieve. Thus, in most cases the moraine soils will be listed as sand and fine sand, when the samples are grouped according to the mechanical composition into the textural classes used in Finland.
Soil pH was measured in 1:2.5 suspension in 0.01 M CaCl 2 by the glass electrode. Organic carbon was estimated by wet-combustion using iodometric titration.
Readily exchangeable potassium was determined by shaking 10 g of the sample for one hour in 50 ml of 0.5 N neutral ammoniumacetate. When results obtained in this way for 60 samples were compared with data given by the usual method of washing 5 g of soil with 200 ml of 1 N ammoniumacetate, it was found that in samples of heavy clay the readily exchangeable potassium corresponded to about 75 per cent of the amount extracted by the usual method, in samples of silty clay, sandy clay and clay loam the corresponding part was about 87 per cent, and in the nonclay samples the average percentage was 100.
Fixation of potassium was estimated according to the procedure of Schachtschabel (1961): 2.5 me of K per 100 g of soil was added without drying.
Release of nonexchangeable potassium was determined using the acid extraction as the modification developed by Schachtschabel (1961) . In this procedure 5 g of soil is treated with 50 ml of 1 N HCI at 50°C for 20hours.The amount of readily exchangeable K was subtracted from the amount of acid soluble K to get the nonexchangeable K released by the treatment with acid. In clay soils some exchangeable potassium was left in the fraction of nonexchangeable but this error was insignificant.
According to Schachtschabel (1961) , the results of this method are closely correlated with those obtained with the widely used method of boiling HNO s extraction first introduced by Wood and DeTuRK (1941 Schachtschabel (1961) , the HCI-treatment tended to extract slightly higher amounts of potassium than did the HN0 3 -procedure, since the amounts extracted remained below 1300 mg/100 g.
Results
The soil samples in the different textural groups are characterized by the data in Table 1 . On the average, the samples are rather acid, except the silt, silty clay and heavy clay soils from the deeper layers. The content or organic carbon is fairly high in the surface layers. The mean content of readily exchangeable potassium appears (Kaila 1965) it was found that the total linear correlation coefficient between the fixation and the content of finer clay, less than 0.6 was only r = o.s2***, and with the coarser clay fraction it was even lower, or r = o.3B***.
Data in Table 2 show that the average release of nonexchangeable potassium by the acid treatment also tends to be the higher the higher the clay content of the textural class is. Yet, variation in each group is large, and the ranges of all other groups are overlapping, except those of sand and fine sand soils with silty clay and heavy clay soils of deeper layers. The mean values indicate that the release of potassium from sand and fine sand soils is significantly lower than from the soils of the other textural classes. Among the subsoil samples, the mean values of the silty clay and heavy clay soils are significantly higher than those of the other groups. The lowest value in the surface samples is 4 mg K/100 g in a sand soil and the highest 647 mg K/100 g in a heavy clay soil. The minimum in the subsoils is also found in a sand soil, only 1 mg/100 g, and the maximum in a heavy clay soil, 827 mg/100g, but also the highest value in the silty clay samples is almost the same or 820 mg/100 g. Only five sub soil samples in the group of heavy clay released less than 500 mg K/100g, and in six subsoil samples in the group of silty clay the release was less than 400 mg K/100 g.
On the whole, the amounts of nonexchangeable potassium extracted by acid tend to be high in the present material as compared with data reported in other countries. Using the same method, Schachtschabel (1961) The relationship between the content of clay and the release of nonexchangeable potassium is not particularly close in the present material: the total linear correlation coefficient between the fraction less than 2 (x and the quantities of potassium released is r = o.74***. This is almost equal to the corresponding value found by Schachtschabel (1961) for the marsh soils analysed. In loess soils with a narrower range of variation in the clay content he got a lower coefficient, r = o.s9*** which is of the same order as the figure calculated for the 178 non-clay samples of the present material, or r = o.sl***, and for the 152 clay samples, or r = o.s2***. There seems to be no connection between the nonexchangeable potassium and the content of coarser clay (2 --0.6 (x) in these clay soil samples; r = 0.27**. A low correlation, r = o.42***, was found between the nonexchangeable potassium and the content of finer clay, less han 0.6 (x. There is supposed to be an equilibrium between the exchangeable potassium and the more readily releaseable nonexchangeable potassium in soils. Yet, only seldom the correlation between these fractions of potassium appears to be close. Coefficients as low as about 0.3 was found by Semb and Uhlen (1955) and about 0.4 by Schachtschabel (1961) . In sand and moraine soils poor in potassium Wiklander (1960) found an exceptionally close dependence between exchangeable and nonexchangeable potassium: the correlation coefficient for the subsoil samples was as high as o.B9***, but in the plough layer the correlation was markedly lower, or r = o.6l***. In the present material the relationship between the contents of readily exchangeable and acid soluble nonexchangeable potassium is characterized by the following correlation coefficients in According to data reported in a previous paper (Kaila 1967) , nonexchangeable potassium released from separated mechanical fractions by a somewhat milder acid treatment than that used in the present study ranged from 5 to 24 per cent of the total potassium content in the clay fraction, from 3 to 16 per cent of that in the silt fraction, and from less than 1 per cent to 7 per cent in the fine sand material. In soil samples the part of nonexchangeable acid-soluble potassium calculated as a percentage of the total potassium content of the soil is not likely to exceed these limits to any marked degree. In some soils of the present study the The particularly large variation in the non-clay samples is due to some coarse sand soils on the one hand, and to samples of a virgin silt soil rich in mica, on the other hand. Without these silt samples the nonexchangeable potassium in the non-clay soils does not exceed 8.9 per cent of the total potassium content of the surface samples and 10.9 per cent of that in the subsoil samples. Table 2 , the mean content of nonexchangeable acidsoluble potassium in loam, clay loam, silty clay and heavy clay soils seems to be significantly higher in the subsoil samples than in the surface soil samples. When layers of cultivated soils down to 60-70 cm were compared, it was found that, usually, nonexchangeable acid-soluble potassium was at its lowest in the plough layer and tended to increase with the depth, although nor regularly. This increase may be often connected with an increase in the clay content. The occurrence of a minimum in the plough layer is likely to be due to the higher content of organic matter and to the more advanced state of weathering of the minerals in it as compared with the deeper layers.
According to the figures in
Soil formation also exerts its effect on soil potassium status. Results obtained for a fairly well-developed podsol on moraine soil in east Finland are reported in Table 3 . Potassium status in a podsol soil and a brown podsolic soil. In the original samples the total potassium content ranges from 2.54 to 3.08 per cent, the content of readily exchangeable potassium is rather low even in the plough layer, and also their content of acid soluble nonexchangeable potassium is markedly smaller than the mean values of the silt and silty clay soils in Table 2 are. The apparent recovery of added potassium varies markedly in these nine samples. As much as 85 per cent of the applied potassium was extracted by ammonium acetate from the silty clay subsoil sample HP 3b, but only 9 per cent from the silt sample HP 2c. It is of interest to note that a considerable part of the added potassium seems to be bound by the soil samples in such way that it has not been released by the acid extraction. Thus, in the deepest layers of all soils, more than 40 per cent of added potassium remains in the samples after the extraction with acid, and even from the layer 30 to 40 cm in silt soils HP 1 and HP 2 more than 30 per cent was not recovered. The part of applied potassium found in the acid-soluble nonexchangeable form is large in all other samples than the silt soil HP 3b with a low capacity to fix potassium.
Wood and DcTurk (1941) also found that a large part of applied potassium could be retained as potassium not extracted by boiling 1 N HNO3. They observed that the proportion of added potassium which remained soluble in acid was growing with increasing additions, and they supposed that the capacity for retaining potassium in this form is definitely limited and therefore appears to be to some degree analogous to the cation exchange capacity of a soil.
Discussion
The »more readily available nonexchangeable potassium» represents a rather indefinite fraction of soil potassium. Its level will depend not only on the mineralogy of the soil, the grade of weathering and the potassium content of the minerals, but also on the crops and their ability to take up potassium under the conditions of the growing season. As far as the results of the present study are or the same order as the actual content of »nonexchangeable but useful» potassium, it seems that Finnish mineral soils contain fairly large reserves of potassium.
In practice, these potassium reserves are utilized to certain extent. Usually, the amount of potassium in the fertilizers recommended to clay and silt soils is lower than the quantities taken up by crops. Significant potassium effect is expected when clay is added to peat soils, and if sand rich in mica is available, even its application may considerably reduce the need of potassium fertilizers on a peat soil. Yet, it seems that seldom the native potassium sources even in clay soils will be mobilized at such speed that they can continuously support crops without drop in the level of yields.
There is supposed to be an equilibrium in soil between the potassium fractions:
K in solution exchangeable K nonexchangeable K This means that release of nonexchangeable K will dominate only when the soluble and exchangeable fractions are low. It is known that, micas are very sensitive in this respect, and that the presence of potassium in solution readily reduces the rate of diffusion of nonexchangeable potassium to solution (Rausell-Colom et al. 1965 ). Thus application of potassium fertilizers is likely to prevent mobilization of native potassium sources, and even to result in some fixation of fertilizer potassium. On the other hand, depletion of available soil potassium by crops may decrease the level of potassium so much that diffusion of nonechangeable potassium to solution will become dominant. There are differences in the ability of crops to utilize nonexchangeable potassium (Drake and Scarseth 1939, Evans and Attoe 1948) , and it may be supposed that these differences partly depend on the level to which plant roots are able to deplete potassium in solution and on the exchange sites, without any serious disturbance in their development.
It was found that the same soil samples are effective both in fixing of applied potassium and in releasing potassium from nonexchangeable forms. This apparent disagreement can be explained on basis of the fact that the potassium concentrations of the solutions around the soil particles are quite different by the determinations of these characteristics, and this makes the conditions suitable either to fixation or to mobilization of potassium. It is also possible that there are in the same mineral particles some sites which are able to fix and other sites which are able to release potassium.
In the present study no particular attention was paid to the mineralogy of the soil samples. According to the more or less qualitative information about the minerals in clay and silt fractions in part of the present material, samples which released high amounts of nonexchangeable potassium were rich in mica and micaceous minerals. In some soils the lower content of nonexchangeable acid-soluble potassium in the surface layer than in the deeper layers can be attributed to the more advanced state of weathering of the micaceous minerals of the surface soil. In addition to micas and mainly trioctahedral illites, potassium containing minerals usually found in Finnish soils are potassium feldspars and vermiculite, and some mixed layer clay minerals (Soveri 1956, Soveri and Hyyppä 1966) . It is not known how effective the acid treatment is in releasing of potassium from these minerals. According to results obtained by boiling 1 N HCI (Stählberg 1960 ), biotite will release more than 90 per cent of its potassium provided the material is as fine as finer silt, muscovite will release only about 4 per cent, and microcline less than 2 percent. Vermiculite also releases its potassium readily by boiling acid (Leaf 1959) . Arnold and Close (1962) claim that the main reason for variation in the potassium releasing powers of the soils are differences in the amount and potassium content of the finer clay fractions. This may be true, but it seems as if some attention must be paid even to the silt fraction. Amounts of nonexchangeable potassium which may be extracted by acid from silt fraction are found to be more than one half of those extracted from clay material of the same samples (Kaila 1967) . In the present study, several soils poor in clay but rich in silt had a considerable content of nonexchangeable acid-soluble potassium.
Summary
Release of nonexchangeable potassium by treatment with 1 N HCI at 50°C was studied on basis of a material consisting of 330 samples of Finnish mineral soils.
The results ranged from 1 to 830 mg K/100g. The mean content of nonexchangeable acid-soluble potassium was in the surface samples of sand and fine sand soils 95±26 mg/100 g, in loam soils 165±31 mg/100 g, in silt soils 195±52 mg/100 g, in clay loam soils 258±32 mg/100 g, in silty clay soils 283±43 mg/100 g, and in heavy clay soils 345± 126 mg/100 g. In the subsoil samples of loam, clay loam, silty clay and heavy clay soils the mean content was significantly higher than in the surface samples, or 283±51 mg/100 g, 404±56 mg/100 g, 535±53 mg/100 g, and 580±37 mg/100 g, respectively. The results seem to be high as compared with data reported from Sweden, Norway and Germany.
The content of nonexchangeable potassium released by acid was to some extent connected with the clay content: the correlation coefficient in the whole material was r = o.74***, but only about o.s*** both in the separate groups of the 178 nonclay samples and the 152 clay samples.
There was only a very low correlation between the contents of nonexchangeable acid-soluble potassium and readily exchangeable potassium. A somewhat higher correlation, r = o.6s***, was found for the relationship between the former and fixation of added potassium under »wet» conditions, but it was markedly decreased by the elimination of the effect of the clay content.
Nonexchangeable acid-soluble potassium usually represented a lower part of the total potassium in the surface samples than in the subsoil samples, and also the proportion tended to be higher in the clay soils than in the coarser soils. It varied from 0.2 to 26.3 per cent in the small material studied.
In most cultivated soils less nonexchangeable potassium was released from the samples of plough layer than from samples of deeper layers. In a podsol profile the minimum content of nonexchangeable and exchangeable potassium and the maximum of fixation of added potassium was found in the A 2 horizon; in a brown podsolic soil all these test values decreased fairly regularly with depth.
From some silt and silty clay soils incubated for three months at room temperature a large part, even more than 40 per cent of the added potassium was not recovered by the acid extraction. Ammonium acetate extracted from 9 to 85 per cent of the potassium applied before incubation, and the part of added potassium found as nonexchangeable acid-soluble form varied from 5 to 53 per cent.
The equilibrium between the different potassium fractions in soil was discussed. It was supposed that differences in the ability of plants to utilize nonexchangeable potassium may partly depend on the level to which plant roots are able to decrease potassium concentration in the solution around the minerals.
